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We report on the implementation of 5 THz quantum well photodetector exploiting a patch antenna
cavity array. The benefit of our plasmonic architecture on the detector performance is assessed by
comparing it with detectors made using the same quantum well absorbing region, but processed
into a standard 45 polished facet mesa. Our results demonstrate a clear improvement in
responsivity, polarization insensitivity, and background limited performance. Peak detectivities in
excess of 5 1012 cmHz1/2/W have been obtained, a value comparable with that of the best
cryogenic cooled bolometers. VC 2015 Author(s). All article content, except where otherwise noted,
is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4918983]
Optoelectronic devices that operate in the terahertz (THz)
frequency range (0.1–10 THz) have been receiving growing
attention from many independent fields.1,2 While the develop-
ment of efficient sources has been particularly underpinned by
recent advances in THz quantum cascade lasers,3–5 on the
detection side there is no dominant solution and therefore
different approaches are still explored6 such as thermal detec-
tors (pyroelectric crystals, semiconductor, and hot electron
bolometers7) and photoconductive detectors. THz Quantum
Well Infrared Photo-detectors (QWIP) have been shown to
be a valid solution to the demand of fast and high sensitive
detection.8–13 These devices use intersubband (ISB) transi-
tions in a semiconductor QW superlattice (mainly n-type
doped GaAs/AlGaAs) to generate photocurrent, in a similar
manner to their mid-infrared counterparts.10,14 Several differ-
ent geometries have been realized to couple light into THz
QWIPs, in order to fulfill the ISB polarization selection rule:15
these include via substrate coupling through a 45 polished
facet,8,14 diffraction gratings,13,16,17 and metamaterials.18
Recently, we demonstrated an antenna-coupled microcavity
geometry for QWIPs operating at a wavelength of 9lm which
enables an improved light coupling, a reduced dark current,
and a higher temperature performance.19 In this paper, we
report a similar realization for THz devices, where the operat-
ing temperature, usually limited to just 10K,8,10 is a critical
issue for applications. In addition to the increased background
limited performance of our detector architecture, from 13K
(Ref. 8) to 21K, we achieve an approximately one order of
magnitude improvement in the device detectivity, owing to
improved collection efficiency and reduced dark current.
In our implementation, depicted in Figure 1, the QWIP
devices are embedded in a double-metal structure, with the top
surface patterned into an array of metallic patch antennas.20,21
The lateral size of the patch s is set so that the fundamental
TM100/TM010 cavity modes are resonant with the ISB transi-
tion energy.19,20,22 Because of the increased photonic confine-
ment engendered by this technique, similar plasmonic devices
have previously been employed with highly doped QWs to
study the strong light-matter interaction in the THz range.23 In
the present work, we exploit the property of these structures to
act as patch antennas; they couple in normal incident radiation,
and collect photons over an area larger than that of the device
itself, thus allowing a reduction in the dark current. The gain in
the detector performance is confirmed by a direct comparison
with the same QW structures processed into a substrate-
coupled 45 facet geometry.15
Our device is based on an MBE (molecular beam epi-
taxy) grown structure, similar to sample v266 of Ref. 8: 20
GaAs QWs, each with a thickness LQW¼ 15.5 nm and n
doped across the central 10 nm regions with Si at a density
of Nd¼ 6.0 1016 cm3, alternate with layers of AlGaAs
(3% Al mole fraction) each with a thickness Lb¼ 70.0 nm.
At the top and the bottom of this periodic structure, there are
GaAs contact layers doped Nd¼ 1.0 1018 cm3, each hav-
ing a thickness Lc¼ 100.0 nm.
The 45 facet substrate-coupled geometry consists of a
400 400 lm2 square mesa, with annealed Pd/Ge/Ti/Au as a
top contact and annealed Ni/Ge/Au/Ni/Au as a bottom con-
tact. The patch-antenna devices shown in Figure 1 were
FIG. 1. Optical microscope (left) and scanning electron microscope (right)
images of the 9 lm cavity array detector with indications of the main param-
eters of the array.
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realized by optical lithography with annealed Pd/Ge/Ti/Au as
both top and bottom contacts. The top surface is patterned
into array of square microcavities, each electrically connected
by strips 2lm wide and 10lm long. Four devices with differ-
ent patch lengths of side s were tested: 6lm, 7lm, 8lm, and
9lm. The resonant frequency res of the cavity is given
19,20,22
by res¼ c/2neffs, where neff is the effective index of the
TM100/TM010 mode, slightly higher than the index of the bulk
GaAs.22 Each cavity array consists of a 300 300 lm2 size
chip, with an array unit cell R¼ (sþ p)2, where p¼ 10lm is
the separation distance between two neighboring patches, and
the total number of patches is Narray. The four devices tested
have the following characteristics: R¼ 256lm2, Narray¼ 361,
(s¼ 6lm); R¼ 289lm2, Narray¼ 324,(s¼ 7lm); R¼ 324lm2,
Narray¼ 289, (s¼ 8lm); and R¼ 361lm2, Narray¼ 256,
(s¼ 9 lm), so that the total area NarrayR is kept approxi-
mately constant. For all devices, the semiconductor region
not covered by the metal is etched down to the 100 nm bot-
tom contact layer, as shown in Figure 1.
Current-voltage (IV) profiles were measured on all
samples (microcavities and 45 facet mesa) for tempera-
tures ranging from 4K to 300K. The IV characteristics of
the 45 facet sample and of the s¼ 7 lm antenna are shown
in Figures 2(a) and 2(b), respectively. The continuous lines
are dark current characteristics with the detector completely
closed with a cryo-shield at the indicated temperatures. The
dashed lines are IV characteristics under background
(300K) illumination on the detector, through an opening in
the cryo–shield (always kept at the same temperature as the
detector) in such a way that the field of view (FOV) is 70
for the 45 facet mesa and 54 for the s¼ 7 lm patch
antenna array. In the cavity array device, the dark current
density is obtained by taking into account the area of the
metal pattern (see Figure 1), including cavities, wires, and
pads; the photocurrent component of the background cur-
rent has been normalized only by the area of the cavities,
which is the only place where photocurrent is generated.
All the IV characteristics (Fig. 2) present a step in current
at a bias between 0.1 and 0.2 V (Fig. 2). This phenomenon
has been explained by space charge accumulation and an
impact ionization process where carriers are scattered
directly into the QW continuum.24,25
The structures were further characterized through mea-
surement of reflectivity and photocurrent spectra (Figure 3).
Data were taken using a Bruker Fourier transform interfer-
ometer (FTIR) in a rapid scan mode. Reflectivity spectra
(Fig. 3(a)) were recorded with an incident angle of 15 with
respect to the array normal, and under no applied bias at
300K. Besides the main cavity absorption peaks with fre-
quencies res between 4 THz and 6.5 THz depending on the
patch size, we also observe a narrow replica around 9 THz.
This replica corresponds to the interaction between the cav-
ity mode and the GaAs optical phonons.26 The observed
resonances are phonon-polariton states resulting from the
photon-phonon interaction. The shaded region (8–9THz) in
Figure 3 is the GaAs Reststrahlen band which corresponds to
the forbidden gap of the polariton dispersion.26
The photocurrent spectra are shown in Fig. 3(b) for the
cavity devices and in Fig. 3(c) for the 45 facet mesa device.
These spectra were recorded at 4K and at a bias of 0.1V,
just before the current jump in the IV characteristics. The
mesa device displays the typical broad shape of bound-to-
quasi-continuum THz QWP, as reported in Ref. 8, with a fre-
quency peak at 5.4 THz. The increased photocurrent signal
at 9 THz is attributed to the increased density of states owed
to the zero-group velocity of the upper phonon-polariton
branch. Since the light-coupling into this structure is fre-
quency independent these spectra can be considered to be
the intrinsic photo-response of the QWs. Instead, for the case
of the antenna coupled devices (Fig. 3(b)), the photocurrent
peak always appears at the same position as set by the cavity
FIG. 2. IV characteristics of (a) the
45 mesa device, and (b) of the 7 lm
antenna device, as a function of
increasing temperature indicated by
the arrow. Continuous lines show the
dark current density and dashed lines
show the background current density,
the latter measured with a FOV¼ 70
(in (a)) and FOV¼ 54 (in (b)).
FIG. 3. (a) Reflectivity spectra of the cavity array detector. (b) and (c) pho-
tocurrent spectra of the cavity array and of the 45 mesa devices, respec-
tively. The dashed area represents the GaAs Reststrahlen band.
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mode, in exact correspondence with the reflectivity minima
as shown in the upper panel of Fig. 3. As expected the
photo-current decreases when the cavity is detuned from the
maximum of the mesa photo-response at 5.4 THz. The
s¼ 7lm antenna device is resonant with the intrinsic photo-
response, while the s¼ 9 lm is redshifted, resulting in cavity
mode at lower energies than the intersubband absorption
edge. This decreases the photo-detected signal (Fig. 3(b)).
In order to quantify the impact of the cavity array geom-
etry on the device performance, we carried out systematic
comparison between the responsivities of the 45 facet mesa
device and the resonant s¼ 7lm sample. Responsivity
measurements were performed using a calibrated 500K
blackbody. The out-coming THz radiation was focused on
the sample through a pair of parabolic mirrors and chopped
at 87Hz, and the photon flux was estimated as the difference
between blackbody sources at 500K and 300K and using the
Planck’s radiation law.27 The photocurrent was recorded
using a lock-in amplifier and a trans-impedance amplifier.
The responsivities are reported in Figure 4(a) as a func-
tion of the bias voltage and Figure 4(b) showing the photo-
current densities. In these measurements, the FOV of the
source was imposed by the f1 parabolic mirrors (f1 indicates
the ratio focal length over mirror diameter equal to 1) and
is identical for both the cavity array and mesa devices.
The responsivity of the 45-facet mesa shows values up to
1A/W in accordance with the results reported in Ref. 8. The
linear responsivity as a function of bias confirms a bound-to-
quasi-continuum transition28 over this voltage range. For the
s¼ 7lm device, we observe a four-fold enhancement of the
responsivity, with values up to 5.5A/W in negative bias. The
photocurrent density of the array (Fig. 4(b)) is enhanced by a
factor of 10, proving the enhanced collection efficiency
owing to the antenna effect.
The overall peak responsivities of the two types of devi-
ces can be modeled with the following expressions that take
into account the photoconductive gain g of the detector media,
the ISB energy E21¼ 22.3meV (5.4THz, this value also
includes corrections due to many-body effects9), and parame-
ters that describe the specific geometry of the detector19,29,30
Rmesa E21ð Þ ¼ eg
E21
Tnmesagisb; (1a)
Rarray E21ð Þ ¼ eg
E21
Cnarray
Aisb
Aisb þ 1=Qcav : (1b)
Equation (1a) describes the responsivity of the 45 mesa-
coupled geometry, where e is the electron charge, T¼ 0.64 is
the facet transmission (light at normal incidence to the facet),
and nmesa¼ 0.5 takes into account the polarization selection
rule (only one polarization of the incident non-polarized
radiation interacts with the QWs).15 The quantity gisb is the
absorption quantum efficiency as defined in Ref. 15. Using
the nominal parameters of our 20 QW structure we estimate
gisb¼ 5.15%. From these numbers and the responsivity data
in Fig. 4(a), we obtain the photoconductive gain g of the
45-mesa device which is plotted in Fig. 4(c) (circles).
Equation (1b) is the overall responsivity peak of the cav-
ity array, as established in Ref. 19. The coefficient C is the
contrast of the reflectivity dip in Figure 3(a), and the polar-
ization coefficient of the array is narray¼ 70% measured on
the 7lm antenna with a wire grid polarizer. This value is al-
ready better than the substrate coupled geometry, even
though we would expect a value of 100% for a square
patch.22 However, in the present geometry part of the light is
reflected because of the polarizing effect of the 2 lm-thick
connecting wires (Fig. 1). The branching ratio Aisb/(Aisbþ 1/
Qcav) quantifies the detector absorption in the array geome-
try,19 where Qcav is the cavity quality factor, measured for
cavities detuned from the ISB absorption peak.20 The dimen-
sionless quantity Aisb provides the ISB absorption coefficient
for the array geometry at the cavity resonance Ecav¼ hres (h
is the Planck’s constant), and is described with a Lorentzian
profile19 Aisb(Ecav)¼Aisb0/(1þ 4(EcavE21)2/Cisb2) with
Aisb0¼ fwEp2/(E21Cisb). Here, fw¼ LQW/(LQWþ Lb)¼ 0.16 is
the overlap factor between the cavity mode and the absorb-
ing region (including the contact layers) Ep¼ 7meV is the
ISB plasma energy,31,32 and Cisb¼ 4.2meV is the FWHM of
the ISB peak extracted from a Lorentzian fit of the high
energy part of the mesa photo-response (Fig. 3(c)). The val-
ues of these parameters for different gratings have been
FIG. 4. (a) Responsivity peak vs voltage for the 45 mesa and the 7lm cavity array detectors, measured with a blackbody at 500K and QWIP temperature
T¼ 4K. (b) Photocurrent density vs voltage for the mesa and 7lm cavity array detectors normalized, respectively, by the mesa area and the cavities area
(where the photocurrent is generated). (c) Photoconductive spectra of the cavity array and of the 45 mesa devices, obtained by solving Eqs. (1a) and (1b), and
using the measurements presented in Fig. 4(a).
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summarized in Table I; as expected, the highest value
AisbAisb0¼ 0.08 is observed for the 7 lm antenna, where
EcavE21.
Using the measured responsivity of the s¼ 7lm detec-
tor and Eq. (1b), we calculated the corresponding gain,
which is plotted in Figure 4(c) (squares). The estimated val-
ues coincide very well with those extracted for the mesa de-
vice. Indeed, the photoconductive gain is an intrinsic
property of the active region, independent of the detector ge-
ometry. Moreover, this confirms the objective of our study,
which is to prove that detector with the same absorbing
region can be significantly improved by changing the design
of the surrounding photonic structure.
THz QWIPs have similar gain to the mid-infrared detec-
tors8 as the gain is related to the capture probability pc of car-
riers in the quantum wells.29 From the relation pc¼ 1/
(gNQW), we find 0.03 pc 0.4, which is consistent with
that expected for a QWIP with NQW¼ 20.28
Using our model, we have estimated the expected respon-
sivity for all arrays, as reported in Table I. From measurements
of the IV characteristics and the responsivity, we have also esti-
mated the dark current-limited specific detectivity, defined as:30
D ¼ R ﬃﬃﬃﬃﬃﬃﬃSdet
p
=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4egIdark
p
. Using photon collection areas
Sdet¼ 1.1 105 lm2 (mesa) and Sdet¼ 9.4 104 lm2 (cavity
array), we obtain maximum D*¼ 5 1012 cmHz1/2/W at 4K
for the arrays, in comparison with 0.7 1012 cmHz1/2/W for
the mesa device. We attribute this seven-fold improvement
of D* to the better collection efficiency of our structure,
combined with the reduction of the dark current. The maxi-
mum estimated values of D* are comparable with those of
standard super-lattice detectors.33 Another system that
can be considered for comparison are commercially avail-
able doped Ge bolometers with optical NEP (Noise
Equivalent Power)¼ 2.2 pW/Hz1/2 from a collection area
Sdet¼ 2.5 107 lm2.34 This corresponds to a background-
limited detectivity30 D*BL¼ 2.2 1011 cmHz1/2/W. For the
device showing the highest performance in this paper, the
7 lm patch antenna, we estimate very similar values: D*BL
¼ 1.7 1011 cmHz1/2/W and an optical NEP¼ 0.18 pW/Hz1/2.
Furthermore, in our system, there is still room for improve-
ment as the absorbing area can be further reduced with
respect to the photon collection area,20 while the contrast C
could be adjusted to 1.22
Another benefit of the reduction of the dark current in the
patch antenna array geometry is an improved BLIP (back-
ground limited infrared photodetector) performance. This
effect is illustrated in Figure 5, where the ratio Ibackground/Idark
19
is plotted as a function of the detector temperature. Since this
ratio generally depends on the applied bias, for each structure
we have plotted the maximum ratio Ibackground/Idark, which
was obtained in the voltage range 0.05–0.075V. The BLIP
temperature TBLIP is defined such as Ibackground/Idark¼ 2; under
this condition, the photocurrent generated by the background is
exactly equal to the detector dark current.30 From Figure 5, it
can be clearly seen that the antenna devices show better ther-
mal behavior than the 45 mesa detector, with TBLIP¼ 21K
registered for the 6–7–8lm antennas with a FOV¼ 54, in
comparison with the BLIP, TBLIP¼ 17K of the mesa with a
FOV¼ 70, the results for the antenna devices are higher than
previously reported values.8,17 It is also notable from Figure 5
that for the s¼ 8lm device the photocurrent Iphoto
¼ Ibackground Idark remains an important fraction (33%) of the
total current even at temperatures as high as 50K.
In summary, we implemented a THz QWIP absorbing
region in a patch antenna array geometry. By comparing the
cavity array devices with a 45 polished mesa, made of the
same absorbing region, we clearly reveal the advantages of
our plasmonic structure in terms of a higher responsivity and
a better thermal performance of the detectors. Furthermore,
we estimate the dark-current limited detectivity D* to be as
high as 5 1012 cmHz1/2/W and with a background limited
detectivity D*BL¼ 1.7 1011 cmHz1/2/W at 4K and 5.4
THz. While these values are still to be confirmed by noise
measurements, we believe that our geometry allows THz fre-
quency QWIPs to perform comparably with commercially
available THz photodetectors.
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TABLE I. Antenna parameters, maximum responsivity, and calculated specific detectivity. (*) indicates the measurements from the optical setup with black-
body at 500K.
s C 1/Qcav Aisb Aisb/(Aisbþ 1/Qcav) R(Ecav) at 0.1V A/W D*(Ecav) at 0.1V cmHz1/2/W
6lm 0.15 0.10 0.04 0.27 1.79 3.02 1012
7lm 0.22 0.14 0.08 0.37 3.94 5.69 1012
3.67 (*) 5.29 1012 (*)
8lm 0.18 0.13 0.04 0.24 1.94 2.35 1012
9lm 0.10 0.10 0.02 0.13 0.62 0.65 1012
400lm-mesa … … … … 1.14 (*) 0.67 1012 (*)
FIG. 5. The ratio of the background and dark currents measured at optimum
voltage for the cavity array devices and for the 45 mesa device. The back-
ground current is Ibackground¼ Iphotoþ Idark, where Iphoto is the photocurrent
generated by a 300K background with the indicated FOVs.
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